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ABSTRACT 
Rapeseed (canola) and other monounsaturated fatty acid (MUFA)-rich oils are viewed 
as good candidates to replace, at least partially, the fish oil normally included in aqua-
culture feeds (aquafeeds). In fact, their utilization as a dietary lipid source for aquatic 
animals has some advantages over other readily available terrestrial alternative oils 
and fats; however, this is not without difficulties. MUFA are, indeed, easily digest-
ible and a good source of available energy, and their deposition into fish flesh is con-
sidered to be less detrimental than other fatty acid classes, from a human nutritional 
viewpoint. This chapter attempts to review the principal information available regard-
ing the utilization of MUFA-rich vegetable oil (VO) in aquaculture feed. Initially the 
chapter focuses on the rapeseed oil eRa) industry, agronomy, quality improvement, 
processing, and uses, and the main chemical and physical characteristics of rapeseed 
oil and other MUFA-rich va such as olive oil, peanut oil, and rice bran oil, amongst 
others. Following this, the potential advantages and challenges of using these alterna-
tive oils in the aquaculture feed industry are presented and discussed. 
Keywords: aquaculture; aquafeed; canola oil; erucic acid; feed; fish oil replacement; 
fish nutrition; groundnut oil; LEAR; low-erucic-acid rapeseed oil; monounsaturated 
fatty acids; MUFA; oleic acid; olive oil; peanut oil; rapeseed oil; rice bran oil. 
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6.1 INTRODUCTION 
Monounsaturated fatty acids (MUFA), particularly oleic acid (OA, 18:1n-9), are 
reported to have several beneficial effects to human health, such as lowering low den-
sity lipoproteins, reducing the progression of atherosclerosis by generating low-
density lipoproteins that are highly resistant to oxidative modification, and reducing 
blood pressure (Parthasarathy et aI., 1990; Teres et aI., 2008). Additionally, vegetable 
oils (Va) rich in MUFA have superior edible and cooking qualities and are largely, 
and increasingly, used for direct human consumption. Amongst this class of va, 
rapeseed oil eRO) is the most produced and consumed MUFA-rich oil, followed by 
others including peanut oil (also known as groundnut or arachis oil), olive oil, rice 
bran oil, mustard seed oil, and the oils extracted by modified strains (cultivars) of 
other oilseeds, such as high-oleic acid safflower, soybean, and sunflower oils. 
The potential inclusion of rapeseed (canola) oil into aquafeed was investigated at 
the dawn of the fish oil (Fa) replacement era (Dosanjh et aI., 1984), and currently it is 
one of the most studied and utilized alternative dietary lipid sources (Turchini et aI., 
2009). In general, a good substitute to Fa in aquafeed needs to be palatable, highly 
digestible, and a good source of energy, and result in minimal detrimental tissue fatty 
acid modifications of the farmed fish. MUFA are readily digested and absorbed by 
fish, are easily p-oxidized to produce energy, and, in comparison to other fatty acids, 
particularly linoleic acid (LA, 18:2n-6), are responsible for less detrimental modifi-
cations of the overall fatty acid makeup of farmed fish fillet (Turchini et a1., 2009). 
Within the context of FO replacement in formulated compound feeds used in 
aquaculture (aquafeed), RO is by far the ·most abundantly studied and currently 
utilized MUFA-rich oil, fundamentally for its favorable price and ready availabil-
ity. Consequently, RO will be the main focus of this chapter, but reference will be 
also made to other MUFA-rich va, with the goal being to critically review current 
knowledge of the rationale, potential advantages, and challenges of using MUFA-
rich alternative va sources for use in aquaculture. 
6.2 RAPESEED (CANOLA) OIL 
Rapeseed is a bright yellow flowering member of the family Brassicaceae. It has 
been cultivated for centuries by ancient civilizations in Asia and more recently in 
Europe. Subsequently, during the Industrial Revolution, when the superior lubricant 
qualities of the oil extracted from rapeseed were appreciated, its cultivation became 
increasingly popular, but its use as an edible oil is only very recent (Shahidi, 1999). 
Compared to other oilseeds, a peculiarity of rapeseed is that it includes different 
species, though all belong to the same genus Brassica. In fact, different botanical spe-
cies, namely, B. napus, B. campestris, B. rapa, B. carinata, and B. juncea, which are 
closely related and very similar in appearance, are all cultivated in different parts of 
the world and commonly referred to as "rapeseed." A second peculiarity of rapeseed 
is that it is one of the few oilseed crops that can be cultivated in cool temperate cli-
mates (Booth and Gunstone, 2004). 
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Rapeseed is known by a variety of common names, including, rape, oilseed rape 
colza, mustard, rapa, and turnip rape, but lately it is increasingly referred to by th~ 
name "canola." However, while the various common names were initially used for 
the different Brassica species and are now generally considered synonymous, canoJa 
is the name of a specific group of selected cultivars of rapeseed. In fact, the oil and 
the meal extracted from the seed of the natural unselected rapeseed contained high 
level of erucic acid and glucosinolates, respectively. Glucosinolates are a class of 
sulphur- and nitrogen-containing organic compounds characterized by a very strong 
bitter taste, and they are reportedly toxic if consumed in high amounts. Consequently, 
the presence of glucosinolates in rapeseed meal limited its potential utilization as 
a raw material for livestock feeds. Similarly, in the lipid fraction extracted from 
RO, high levels of erucic acid (ERA, 22:1n-9), up to 50% of total fatty acids, were 
present. In humans and animals, ERA can be metabolized and oxidized to produce 
metabolic energy in a similar fashion to other fatty acids. However, early indica-
tions suggested that an excessive dietary intake of ERA was responsible for cardiac 
lesions, particularly through increased tissue lipid accumulation resulting from a 
general ERA-induced inhibition of general fatty acid oxidation activity (Charlton 
et al., 1975; Christophersen and Bremer, 1972). Consequently, in Canada in the early 
1970s, selected cultivars of rapeseed containing reduced amounts of glucosinolates 
and erucic acid were developed by traditional selective-breeding procedures. The 
name "canola" (derived from "CANadian Oil, Low Acid") was originally developed 
as a trademark by the Manitoba government; and similarly a second cultivar was 
named LEAR (for "Iow-erucic-acid rapeseed"). LEAR is now the common term 
used in the United Kingdom to describe B. napus and B. rapa, which have been 
selected for reduced ERA. Hence, LEAR is similar to canol a, although there have 
been no attempts to use consistent terms between Canada and the United Kingdom. 
Currently, canola is the generic, common term used to indicate the different variet-
ies of RO containing limited amounts of ERA. According to the FAO/WHO Codex 
Alimentarius, canola oil (CO) is also referred to as "rapeseed oil-low erucic acid," 
and other names are also listed, including "low erucic acid turnip rape oil" and "low 
erucic acid colza oil." More recently the definition for canola oil has been expanded 
to included B. juncea (brown or yellow mustard), the oil component of which con-
tains less than 2% erucic acid (Codex Alimentarius Commission, 2001). 
Other terms are also used to refer to specific rapeseed-derived products. In par-
ticular, "industrial rapeseed," though not officially regulated, is often generally used 
for rapeseed cultivars that produce meals that are either high or low in glucosino* 
lates, but oils with 45% or more ERA, and these are primarily used as lubricants and 
hydraulic fluids or for other nonedible purposes. The term "specialty canola" is, on 
the other hand, used for cultivars with specifically modified fatty acid profiles with 
greater temperature stability and improved shelf life to be used at high temperatures 
or for continuous frying (Raymer, 2002). 
Given this rather complex etymological and nomenclature issue, in the present 
chapter reference will be made to rapeseed oil (or RO) for unselected, unknown, 
or unspecified rapeseed oils and to canoia oil (or CO) for low-erucic-acid rapeseed 
oil specifically marketed with this name. When reporting literature information, 
the same term (RO or CO) used by the original author(s) was used. Importantly, 
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almost all of the studies on RO in aquafeed were, however, implemented using low-
erucic-acid rapeseed oil (Turchini et al., 2009), with only one exception in which 
high-erudc-acid rapeseed oil was tested (Thomassen and R0sj0, 1989). 
6.2.1 AGRONOMY 
Rapeseed is a global culture, with crops being produced in a host of countries includ-
ing China, Australia, Greece, South Africa, Canada, and Chile. Consequently, rape-
seed agronomic practices are, as logically expected, different from country to country 
and for different rapeseed types. While the present chapter is not aimed at compre-
hensively reviewing the agronomy science of rapeseed, a few indications, mainly 
relative to Australia, are reported as general guidelines, and readers interested in 
this subject are suggested to refer to more specialized publications (Appelqvist and 
Ohlson, 1972; Gunstone, 2004; Kimber and McGregor, 1995). 
6.2.1.1 Rapeseed Types, Growing Period, and Nutrition 
Rapeseed includes three main plant species, B. nap us, B. rapa, and B. juncea. In 
recent years, an increasing trend in oilseed rape breeding has been the production 
of hybrids of the three main species, B. napus, B. rapa, and B. juncea, particu-
larly in Canada, the United States, and Australia. Conversely, given some technical 
difficulties in the hybridization process, a different approach, the so-called variety 
association, was taken primarily by European producers in the 1990s. More recently, 
however, the variety association is in decline as more efficient hybrid seeds are 
becoming commercially available (Booth and Gunstone, 2004). 
After sowing, soil temperature is the main factor affecting germination speed, 
and the period of crop growth varies from 5 to 7 months depending on sowing 
date and rainfall. Maturity of rapeseed is determined when seeds turn black, and 
at this stage, commonly the moisture content of the seed is less than 15%. However, 
for storage of the harvested crop, moisture content below 9% is required, and if not 
achieved in the field, it must be obtained by artificial drying. If rapeseed is harvested 
when not fully mature, the oil obtained will be green, be of lower quality, and con-
tain a higher amount of chlorophyll (Booth and Gunstone, 2004). Rapeseed grows 
on a range of soil pH, and has relatively high nutritional requirements with up to 25% 
more nitrogen, phosphorus, and potassium, and five times more sulfur than wheat. 
While irrigation is not commonly used in rapeseed cultivation, in general rapeseed 
crops have a high requirement for water, particularly during germination and estab-
lishment, when they are highly sensitive to drought. 
Rapeseed was considered a cleaning crop for soil-borne cereal pathogens such 
as "take-all" (Gaeumannomyces graminis) with dramatic improvements in yield 
and quality of subsequent cereal crops. Rapeseed cultivation provides benefits in 
improving soil structure with a large taproot improving water infiltration and access 
for roots of subsequent crops. Rotation also allows herbicide rotation, which delays 
the onset of herbicide-resistant weeds. There are not many diseases that are com-
mon between rapeseed and cereals; therefore, rapeseed provides a good break crop. 
Rapeseed is often the first crop to follow pastures in crop rotation to benefit from 
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the high nitrogen levels from legumes in the pasture phase. Subsequently, wheat may 
follow canola and then another pulse crop such as lupins or field peas. 
6.2.1.2 Breeding and Genetically Engineered Varieties 
Breeding programs have sought to increase yield of rapeseed crops in the face of 
often harsh, dry growing conditions. Current cultivars are substantially higher yield-
ing through increased disease resistance, better understanding of plant nutrition, and 
cultivars better adapted to the growing conditions. The oil and protein content of rape-
seed have been significantly increased, and current breeding programs aim at further 
altering oil quality to produce a range of oil types with various fatty acid profiles, 
most importantly increased oleic acid to increase the oil's functional properties. 
Genetically modified rapeseed-and, in particular, glyphosate-tolerant (Roundup 
Ready®) canola-was released in Canada in 1995 and the United States in 1999. 
Japan, Mexico, and the United Kingdom approved the product in 1996. Australia 
has approved its use in 2000 (Office of the Gene Technology Regulator, 2002), while 
Europe is assessing the environmental and food safety aspects of culturing glyphosate-
tolerant rapeseed, and currently allowing the use of genetically modified oilseed only 
for imports and processing into animal feed or for industrial purposes. After soybean 
and maize (corn), genetically modified rapeseed (canola) is currently the third most 
widely grown genetically engineered crop in the world (Booth and Gunstone, 2004). 
It seems important at this point to underline that while all the genetically modi-
fied rapeseed can be named carrola, as for the low erucic acid content, not all canola 
is genetically modified, as several strains of low-erudc-acid rapeseed have been pro-
duced by traditional selective breeding. 
The potential utilization of selective breeding and/or bimolecular technologies 
to produce new varieties of RO with specific characteristics favorable for their uti-
lization in aquaculture feed has been also considered and reviewed (Opsahl-Ferstad 
et al., 2003). 
6.2.2 RAPESEED Oil EXTRACTION AND REFINING PROCESS 
Rapeseed processing involves several steps designed to maximize oil recovery from 
the seed whilst at the same time reducing any damage to the oil or meal products. 
There are some additional aims to reduce antinutritional components in the oil and 
meal and produce a product free of undesirable contaminants. 
6.2.2.1 Oil Extraction 
The seed is initially sieved and cleaned, and preheating may be applied to prepare 
the seed for extraction. Subsequently, the seeds are processed in flaking mills. The 
flaking operation ruptures the seed coat and some of the oil bodies and distributes 
the oil "cake" to the extrusion process in a continuous process. The oil cake is heated 
to rupture the oil bodies, and this also helps to destroy enzymes responsible for hydro-
lyzing glucosinolates in the seed. Skipping this step will result in the breakdown of 
glucosinolates with the release of unpleasant smells, volatile isothiocyanates into the 
air, and sulfur into the oiL The heating process also reduces oil viscosity and can be 
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used to adjust moisture content in the cake. The temperature is commonly around 
85-105°C and moisture content of approximately 8%-10% for optimum processing. 
The oil cake is then passed through an expeller or prepress to remove the maximum 
oil possible prior to solvent extraction. The expelled cake still contains 12%-16% oil. 
The expeller oil is then settled in tanks to remove solids (foots). The foots are then 
reprocessed to further remove the oil, and the oil is eventually filtered or centrifuged. 
The residual cake is transferred to a solvent extractor, where hexane dissolves the oil 
and separates it from solid material. 
6.2.2.2 Oil Processing: Refining 
Refining is the removal of impurities from the triacylglycerol (TAG) fraction of the 
oil. These "impurities" include phospholipids, free fatty acids, waxes, and pigments, 
and the refining process involves degumming, physical refining, alkali refining, and 
winterizing. Degumming is the process used to remove phospholipids. Some phos-
pholipids such as phosphatidy1choline (lecithin) are removed by mixing the crude 
oil with water at elevated temperatures (water degumming) and then centrifuging to 
remove the gums. These gums can be mixed back into the meal during toasting 
to improve the meal quality. Degummed oils still retain free fatty acids, pigments, 
and volatile compounds. The color is removed by passing the oil through bleaching 
clay prior to deodorizing the oil at 260°C under vacuum to remove volatiles. Steam 
is added while the oil is held at high temperature to carry out the contaminants 
responsible for the odors. Crude oil may be refined by alkali refining, involving the 
addition of sodium hydroxide (NaOH), which reacts with free fatty acids and forms 
soapstocks, which are then removed from the oil. Eventually the oil is winterized. 
This involves cooling the oil to allow the high-melting-point fraction to solidify and 
sediment, leaving a clear product (Booth, 2004). 
6.2.3 THE RAPESEED OIL INDUSTRY 
Detailed information relative to major production and market trends of rapeseed 
and other oils and fats has been previously and extensively reported in Chapter 3 of 
this book. In the present chapter, reference will be made to the production figures 
reported by the Food and Agriculture Organization of the United Nations (FAO), 
which, combined with data reported earlier in Chapter 3 from different sources, will 
provide an accurate idea of the volume, availability, and trends of the RO industry. 
6.2.3.1 Rapeseed and Rapeseed Oil ProduCtion and Trends 
According to FAO estimates (FAO, 2009), the global rapeseed cultivated area, while 
highly fluctuating from one year to the next, expanded gradually from 6.3 million hect-
ares in 1961 to over 30.2 million hectares in 2007, of which 14.5 million are in Asia, 
8.2 in Europe, 6.3 in North America, and 1.1 in Oceania (Figure 6.1). Simultaneously, 
with the implementation of better agronomical practices and the selection of more 
efficient rapeseed strains, the global average yield of rapeseed production increased 
significantly, from 0.52 tlha in 1961 to over 1.64 t/ha in 2007 (FAO, 2009). 
In terms of total rapeseed production, 10 countries were producing more than 
1 million metric tons in 2007. These were China (lOA million metric tons), Canada 
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(8.9 million metric tons), and India (7.1 million metric tons), followed by Germany, 
France, Poland, United Kingdom, Australia, Ukraine, and Czech Republic. As can 
logically be expected, the total rapeseed production is directly linked with the total 
RO production. Currently, RO is one of the most abundantly produced oils globally, 
accounting for 19.4 million metric tons, third only to palm oil (42.4 million metric tons) 
and soybean oil (37.7 million metric tons) (see Chapter 3). According to the FAO, the 
countries recording the highest annual production of RO in 2007 were China (4.3 mil-
lion metric tons), India (2.3 million metric tons), Germany (2.2 million metric tons), 
Canada (1.3 million metric tons), and France (1.1 million metric tons) (FAO, 2009). 
Nevertheless, of these major producing areas, only Canada is a significant exporter of 
both seed and oil, with exports going to Europe, China, and Japan (Chapter 3). On the 
other hand, despite the fact that Germany is one of the main RO-producing countries, 
it is also one of the biggest RO importers. In fact, in 2006, over 1.28 million metric 
tons of RO were imported into Germany (FAO, 2009). Other countries that are cur-
rently importing large quantities of RO are the United States, the Netherlands, Italy, 
France, Belgium, Norway, and the United Kingdom. 
As for the general RO prices, accurate and comprehensive information is reported 
in Chapter 3. However, in general terms, rapeseed has been historically one of the 
cheapest VO abundantly available on the market. As with all other major oils, a dra-
matic increase in the market price of RO was recorded during 2007 and 2008, but 
more recently, the high price of RO has also fallen from its peak, but with a slower 
trend compared to other VO (Chapter 3). 
One of the current limiting problems for aquafeed mill companies is not simply 
the rising cost of FO, but also the uncertain future supply and the highly variable 
availability of this raw material. Within this context, it is important to note that the 
yeady RO production currently is I8-fold larger than FO production, it is in expan-
sion, and the yearly percentage fluctuation of its production is significantly smaller 
compared to that of FO (Figure 6.2). Since 1976, the global FO production recorded 
14 negative growth trends (with often a contraction of the global production greater 
than 20% of the total volume produced in the previous year). On the other hand, RO 
production is on the rise and the yearly fluctuation relatively limited, making it one 
of the best candidates for FO replacement in aquaculture feeds. 
6.2.3.2 Rapeseed Oil Uses 
Since its first utilization as a lubricant and the selection of low-erucic-acid strains, RO 
has been mainly used for food. However, in the last five years a return to nonfood uses 
has been reported, particularly for biodiesel production in European countries. On the 
other hand, its utilization in the feed industry has been relatively limited; however, 
the aquafeed industry is showing a significantly increasing interest in this oil as an 
alternative to FO, given its ready and constant availability and relatively low price. 
RO, and in particular refined, bleached, and deodorized (RBD) rapeseed oil, is 
a versatile oil that is commonly and increasingly used as salad oil and in food for-
mulations and preparation. Hydrogenated RO is also abundantly used in margarine 
formulation and as cooking oil for baking and frying. Given its versatile chemical 
and physical characteristics, RO is also increasingly used for other food preparations 
such as antis tick cooking sprays, processed food fillings and toppings, fat coating 
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of crackers and extruded snacks, and other pastry and confectioneries preparations 
(McDonald, 2004). 
In recent years, with the increasingly pressing fossil fuel crisis and the public 
concerns and realization of the dramatic situation of the unsustainable and/or 
illogical use of nonrenewable, finite fossil reserves, biodiesel is rapidly gain-
ing popularity as a potential renewable form of energy. Consequently, RO was 
likely the first selected biodiesel source, because of its ready availability, par-
ticularly in Europe, and the first biodiesel specifications were, indeed, designed 
in Europe specifically for the RO product. Theoretically, every lipid source, such 
as VO andlor animal fats, is suitable for use in diesel engines, but its fatty acid 
composition is paramount in determining the quality and the suitability of the 
oil for this purpose. In fact, a high degree of fatty acid saturation is responsible 
for a high freezing point and poor flow characteristics. On the other hand, exces-
sive amounts of polyunsaturated fatty acids (PUFA) are responsible for a higher 
risk of oxidation and polymerization, affecting the efficiency and performance 
of biodiesel engines (Walker, 2004). Consequently, it is easy to understand why 
RO, being particularly rich in MUFA, is one of the best potential sources of 
biodiesel. Hence, RO consumption for biodiesel production is on the rise, and this 
will clearly directly affect its price and its future availability for other purposes. 
The oil produced by conventional rapeseed varieties is also well-suited for a 
variety of industrial uses, such as lubricants, surfactants, paints, inks, polymers, 
and pharmaceuticals, and these have been recently comprehensively reviewed by 
Walker (2004). 
A further use of RO is for feed production. However, while rapeseed meal is prin-
cipally produced for livestock feed production and information on global use of this 
raw material is available, very little information is available on the actual extent of 
RO utilization by the feed industry. In general, feeds for livestock and other terres-
trial animals, such as poultry and pigs, contain very little added oil, as carbohydrates 
are the main and preferred energy source. On the other hand, in aquafeed, oils and 
fats represent one of the principal raw materials included in their formulations. In 
fact and for example, while aquaculture is responsible only for the production of 3% 
of global animal feed, it consumes more than 80% of global FO availability (Tacon 
et al., 2006). While official data relative to the actual utilization of RO in aquafeed 
are unavailable, there is clear evidence that RO is increasingly used to replace FO in 
aquafeed formulation. 
Industrially compounded aquafeed is commonly manufactured by extrusion tech-
nologies; and the chemical and physical characteristics of RO are ideal for such pur-
pose. In fact, oils and fats have a great influence on feed extrusion processes by acting 
as lubricants between the extruder screws and the particulate matter (Guy, 2001). For 
easy movement of the oil and incorporation into the mix, oils with high fluidity at 
normal ambient temperature have a clear advantage, and subsequently, in the extruder 
where high temperature can be reached, oils not easily prone to oxidation, such as 
RO, are to be favored. However, only a limited amount of oil can be included during 
the extrusion process, and considering aquafeeds commonly have a large amount 
of lipid, the majority of the oil is added in a second stage, with the coating process. 
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Oils, such as RO, which are liquid at ambient temperature have the advantage of not 
requiring to be melted before the application (Chang and Wang, 1998). 
6.3 RAPESEED OIL CHARACTERISTICS 
Rapeseed contains between 38% and 45% oil content, the actual amount depending 
on environmental growing conditions, moisture availability, cultivar, and agronomic 
practices. Oil extracted by mechanical or solvent extraction is composed of triacyl. 
glycerols (TAG), mono- and diacylglycerols, free fatty acids, phospholipids, glyco. 
lipids, sterols, tocopherols, and pigments. In RO, TAG normally constitute around 
95% of the total oil content, and therefore have a significant effect on the physical 
and chemical properties of the lipid fraction. 
6.3.1 PHYSICAL CHARACTERISTICS 
Within the context of oil as a raw material for feed production, the physical charac-
teristics of the oil are important, particularly for practical and logistical reasons. The 
melting point determines whether the oil or fat is solid or liquid at a specific tem-
perature. RO is winterized following processing to remove the higher melting point 
fractions. and normally the melting point of low-erudc-acid RO is -lODC, which is 
lower than for the unselected RO (Rousseasu, 2004). Despite winterizing, a cloudy 
haze can still develop. Various studies have been carried out to define the reasons 
for clouding (Hermann et al., 1999), and to develop methods to anticipate how likely 
it is that the oil will develop a haze (Botha and Mailer, 2001). It is generally agreed 
that hot, dry growing conditions resulting in increased proportions of high~melting. 
point saturated fatty acids (SFA) and trisaturated TAG (particularly tripalmitin) will 
increase the level of clouding (Botha et al., 2000). 
RO has a typical smoke point of 220-230DC (Rousseasu. 2004), which is within 
the normal range of the majority of VO. Similarly, the relative density of RO is, as 
for all VO, less than 1, and it commonly varies from 0.91 to 0.92 gJcm3 (Rousseasu, 
2004). Viscosity of a given oil depends on its chemical characteristics. Although 
there is an insignificant difference between most VO, viscosity increases with molec-
ular weigHt. Thus, the development of CO from traditional RO resulted in a reduction 
in viscosity. The Refractive Index of RO is normally in the range of 1.465 to 1.469, 
and for CO is 1.465 to 1.467 (Rousseasu, 2004). Eventually, color is an important 
characteristic of oils with some oils, marketed on their green, fresh color and others 
highlighted as golden yellow. Yellow olive oil and green CO are considered faults 
or defects. 
6.3.2 CHEMICAL CHARACTERISTICS 
The chemical characteristics of a VO determine not only the nutritional value but 
also the shelf life or oxidative stability of the oil. Most VO consist of about 95%-98% 
TAGs, and contain only a few fatty acids of significance, generally 16 or 18 carbon 
chain lengths, with 0 to 3 double bonds. The major difference between the different 
species is merely in the relative abundance of these fatty acids. 
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vo may be marketed as crude or virgin oil, which has not been refined, or as RBD 
oils. Refined oils have much of the minor compounds removed, leaving a higher 
percentage of TAG. Virgin oils may be considered to have additional nutritional 
advantages in the higher levels of antioxidants such as phenolic compounds and 
tocopherols, whereas these are basically removed from refined oils. Refined oils, 
however, have most free fatty acids and peroxides removed and may provide better 
shelf life than equivalent oil from the same species. Refined oils are also free of 
volatile odors, suspended solids, and pigments, which may be detrimental for the 
oil. The saponification value is a parameter that is commonly used to determine the 
mean molecular weight of the fatty acids that constitute the oil. Therefore, given 
the different molecular weight of ERA and OA, it is particularly useful to distin-
guish between low-ERA and traditional rapeseed oils. In fact, the saponification 
value of RO is normally between 168 and 181, while CO has a saponification value 
of 182-193. Similarly, the iodine value of an oil is a parameter assessed to measure 
the level of unsaturation of its component fatty acids, and RO normally records an 
iodine value variable between 94 and 120, while CO has a typical iodine value of 
110-126 (Rousseasu, 2004). 
6.3.2.1 Fatty Acids 
Brassica species have a characteristic fatty acid profile typically including a large 
portion of OA and significant quantities of ERA. Due to the "speculated" nutritional 
limitations of the oil as a result of its ERA content, breeding programs have focused 
on reducing or eliminating this component from the oil. Dramatic improvements 
were made in rapeseed cultivars by reducing ERA levels in B. napus and B. rapa 
cultivars from around 40% of the total fatty acids to only trace amounts in cur-
rent cultivars. Similar advancements have been made in recent years with B. juncea 
(brown and yellow mustard), such that it is now included in the Codex Alimentarius 
description of "rapeseed oil-low erucic acid" (Codex Alimentarius Commission, 
2001). Continuous efforts by breeding programs to improve the nutritional value of 
RO have seen numerous innovations with altered fatty acid profiles. Several selected 
cultivars have been developed in the last 50 years. Originally they were selected to 
reduce the total amount of ERA, but also specialty rapeseed and canola cultivars 
have been selected, for example, to contain a limited amount of a-linolenic acid 
(ALA, 18:3n-3), high amount of lauric acid (12:0, up to 36.2% in Laurical cultivar), 
high amount of LA (18:2n-6, up to 25.5% in Stellar cultivar), or extremely high levels 
of OA (18:1n-9, 80.5% in IMC cultivar) (Ratnayake and Daun, 2004). 
The fatty acid composition of some traditional or selected rapeseed (canola) oils, 
and in particular of some canola oils tested in fish nutrition studies, is reported in 
Table 6.1. As shown, rapeseed oils are characterized by an abundant proportion 
of MUFA, variable between 55% and 72% of total fatty acids. However, this large 
MUFA fraction can be originated from different fatty acids. According to the Codex 
Alimentarius Commission, traditional or unspecified rapeseed oils can have from 
2% to 60% of ERA (22:1n-9), and from 8% to 60% of OA (18:1n-9), while low-ERA 
rapeseed oil should have less than 2% of22:1n-9, and from 51% to 70% ofOA (Codex 
Alimentarius Commission, 2001). In general, traditional rapeseed oils usually con-
tain 23% of OA and 34% of ERA, low-ERA rapeseed oils contain 60% of OA and 
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a Range in fatty acid composition accepted by the Codex AJimentarius Commission (2001). 
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12.9 
8.9 
55.7 
20.7 
12.9 
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g Australian crude canola oil tested on red sea bream (Glencross et aI., 2003). 
h Canadian canola oil tested On Atlantic salmon (Dosanjh et aI., 1998). 
i Canadian canol a oil tested on Atlantic salmon (Higgs et aI., 2006). 
Canadian canoia oil tested on Chinook salmon (Huang et aI., 2008). 
k Canadian canoia oil tested on Chinook salmon (Dosanjh et al., 1988). 
I Japanese canola oil tested on red sea bream (Huang et aI., 2007). 
m NO: Nondetectable. 
n Not detected or not reported. 
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1.2% of ERA, and high-ERA rapeseed oils contain 12% of OA and more than 50% 
of ERA (Table 6.1). The rapeseed oils most commonly tested in fish nutrition studies 
are low-ERA types, often referred to as "canola" by some authors. 
After OA and/or ERA, other fatty acids generally quantitatively important 
in rapeseed oils are, in decreasing order of percent contribution, LA (15%-30%), 
ALA (5%-14%), and 16:0 (2%-7%). RO also contains a variety of minor fatty acids , 
including the ones mentioned in Table 6.1 and, in trace amount, other odd-chain and 
branched-chain fatty acids (Ratnayake and Daun, 2004). 
6.3.2.2 Triacylglycerols 
As mentioned above, approximately 95-99% of the fatty acids in RO are present in 
TAG. The TAG molecular structure (i.e., the type of fatty acid esterified in a specific 
position -1,2 or 3- of the glycerol molecule) determines the physical, chemical, and 
nutritional properties of the oil. While the complete identification and quantification 
of all possible TAG in the different rapeseed oils have not yet been accomplished, a 
significant amount of information is available, and it is suggested to refer to special-
ized texts (Ratnayake and Daun, 2004). In general, in rapeseed (canola) oil, the most 
common fatty acids found in position 1 or 3 are, in decreasing order, OA (60.9%), LA 
(16.4%), ALA (5.9%), 16:0 (6.6%), and 18:0 (2.8%). The fatty acids most commonly 
found in position 2 are OA (52.7%), LA (29.5%), ALA (13.7%), 16:0 (1.4%), and 18:0 
(0.7%) (Ratnayake and Daun, 2004). Therefore, it is interesting to note that in the 
2-position, though OA is still more abundant, there are a large number of LA mol-
ecules, and this observation can be interesting from a nutritional viewpoint. In fact, 
in humans, one of the main enzymes responsible for lipid digestion is the pancreatic 
lipase, which is positional 1,3-specific, meaning that the end products are 2-mono-
acylglycerols. Hence, the fatty acids esterified in the 2-position of the glycerol mol-
ecules have a high nutritional significance. However, it is worth it at this point to 
underline that the lipid digestive systems in fish, though not fully elucidated, may be 
significantly different. There is indeed evidence, though not definitive, that the major 
lipase found in a variety of teleost fishes is a carboxyl ester lipase showing a non-
specific activity, hydrolyzing fatty acids in all three positions of the TAG structure 
(Kurtovic et al., 2009; Olsen and Ring¢, 1997; Patton et aI., 1975). Consequently, the 
fatty acid present in the 2-position is likely less important in determining the nutri-
tional quality of a given dietary oil for fish. 
6.3.2.3 Other Chemical Compounds 
RO has a very high level of sterols, up to 11.3 g/kg, and is exceeded only by ses-
ame seed and maize (corn) oil in the Codex list of crude VO (Codex Alimentarius 
Commission, 2001). Sterol profiles are characteristic of the plant species, and oils 
from Brassica spp. contain significant amounts of brassicasterol. 
Tocopherols are an important group of oil-soluble components due to their anti-
oxidant properties and role in extending the shelf life of VO. As for sterols, the 
total tocopherols are high in relation to most other crude VO. In Table 6.2, the des-
methylsterol, tocopherol, and tocotrienol compositions of RO are reported. Other 
important non-fatty acid compounds in VO are pigments, and these can be of two 
classes: (1) chlorophylls and pheophytins, and (2) carotenoids. Chlorophyll is the 
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TABLE 6.2 
Desmethylsterofs, Tocopherols, and Tocotrienols 
Composition of Rapeseed Oil 
Desmethylsterols Tocopherols and Tocotrienols 
Cholesterol 
Brassicasterol 
Campesterol 
Stigmasterol 
~-sitosterol 
5-5-avenasterol 
5-7 -stigmastenol 
5-7 -avenasterol 
Others 
Total sterols (mglkg) 
% ofTotal Sterols mg/kg 
NDa-1.3 
5.0-13.0 
24.7-38.6 
0.2-1.0 
45.1-57.9 
2.5-6.6 
ND-1.3 
ND-0.8 
ND-4.2 
4,500-11,300 
a-tocopherol 
~~tocopherol 
y-tocopherol 
5-tocopherol 
a-tocotrienol 
y-tocotrienol 
5-tocotrienol 
Total (mg/kg) 
100-386 
ND-140 
189-753 
ND-22 
430-2,680 
Source: Adapted from Codex Alimentarius Commission, 2001. Fats, Oils and 
Related Products. Rome, Joint FAOIWHO Food Standards Programme, 
Food and Agriculture Organization. 
aND: Nondetectable. 
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green pigment in the leaves and the cotyledons of the seeds or fruit. The chlorophyll 
molecule is a hydrophilic porphyrin ring with a hydrophobic polyisoprenoid side 
chain (phytol). The pigment is therefore soluble in oil. Chlorophyll and pheophytins 
are responsible for color in the oil ranging from green to yellow. Although the green 
color is considered attractive and an advantage in olive oil, RO is expected to be yel-
low and the green color is considered as a fault. Processing to remove chlorophyll is 
expensive, and growing canola to full maturity is necessary to ensure that minimum 
levels of chlorophyll remain in the seed at harvest. 
6.4 QUALITY AND QUALITY IMPROVEMENT OF RAPESEED OIL 
6.4.1 EFFORTS TO CREATE NEW RAPESEED VARIETIES 
6.4.1.1 Fatty Acids 
Stephansson et al. (1961) were the first plant breeders to identify B. napus plants with 
virtually no erucic acid. Within a few years, Dorrell and Downey (1964) found ERA-
free B. rapa, while Kirk and Oram (1981) isolated zero-ERA B. juncea to create an 
additional edible crop and new low-ERA rapeseed oil. Continued aims to improve 
the value of this new type of oil saw numerous breeding programs emerge and a 
Whole range of new oil types develop, particularly with the aim of increasing the 
content of OA and reducing the content of ERA (Figure 6.3). The breeding of canol a 
lines for low ERA has been highly successful, with current lines showing only trace 
amounts of the fatty acid. In a study of over 100 samples taken from different sites 
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FIGURE 6.3 Development of fatty acid composition and modification ofthe oleic acid (OA, 
18:1n-9) and erucic acid (ERA, 22:1n-9) content of the oil extracted by different rapeseed 
cultivars over time. (Adapted and computed from Ratnayake, W.M.N., Daun, J.K., 2004. In: 
Gunstone, F. (Ed), Rapeseed and Canol a Oil: Production, Processing, Properties and Uses. 
Oxford, Blackwell, pp. 37-78.) 
across the Australian growing regions in 2007, no samples exceeded 0.2% of ERA 
and the majority of samples contained less than 0.05% (Seberry et al., 2008). 
The first improved low-ERA rapeseed also had a significant quantity of ALA, 
which was considered nutritionally significant. However, it is well known that 
increased levels of unsaturation lead to reduction in oxidative stability, and this char-
acteristic limited RO from use in frying or high-temperature applications. A major 
aim in breeding programs was therefore to reduce the level of ALA with correspond-
ing increases in OA, and improve oxidative stability. The first of these cultivars was 
released by Scarth et al. (1988), followed by many others. Reduction of SFA in rape-
seed remains a target for all the breeding programs, and it is particularly important 
for the Australian rapeseed (canoIa) oil industry. However, there has been little suc-
cess in developing cultivars with SFA levels below 7%, as the effect of environmental 
variation is greater than the variation between cultivars. 
6.4.1.2 Oil Content 
Rapeseed has always been grown primarily for its oil content regardless of whether 
it is for high OA, low ALA, or other types. The high protein meal is also useful as 
an animal feed but only as a secondary product. Having established an oil crop with 
an attractive fatty acid profile and other desirable minor components in the oil, the 
primary aim has been to increase oil content. For example, in Australia, farmers are 
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paid a bonus for seed delivered with high oil contents (Australian Oilseed Federation 
2009, personal communication). As a result, breeders have been successful in 
developing cultivars with higher oil levels (Wratten and Mailer, 1997). Despite the 
success in achieving high-yielding cultivars, the production relies heavily on the 
arowing conditions, and the effects of drought, heat stress, and seasonal variations 
~n rapeseed oil yield have been widely studied (Mailer and Cornish, 1987; Mailer 
and Pratley, 1990; Si et al., 2003; Aksouh et al., 2006). Nutritional status of the soil 
is alsO an important factor, and studies have illustrated its effect on oil production 
and other components (Mailer, 1989). 
6.4.1.3 Protein, Meal Quality, and Disease Resistance 
Despite the meal component of rapeseed being a secondary product with a value 
significantly lower than the oil portion, the meal is important for several reasons. 
The meal contains in excess of 35% protein and has an attractive amino acid profile 
for stockfeed, particularly for pigs and poultry. Modern cultivars have a substan-
tially reduced glucosinolates content in the meal from values of over 100 J-lffioles/g 
oil-free meal (Mailer and Wratten, 1985) to around 10 Jlffioles/g (Seberry et al., 
2008). Sinapine is also a component of rapeseed meal that has caused limitations 
in the usefulness of the product as it affects feed palatability. Generally, the amount 
of sinapine in meal is 0.1%, but selection is proceeding to develop new cultivars 
with lower levels. However, little research has been done on the sinapine content 
in rapeseed despite the concern of poor palatability in canola meal for livestock, 
and it seems that the opportunity for selection for lower cultivars is limited (Mailer 
et al., 2008). 
A further major breeding aim has been to select cultivars with disease toler-
ance, for example to combat the highly virulent strains of Brassica fungi such as 
Leptospheria maculans (blackleg disease). 
6.4.2 ENVIRONMENTAL INflUENCES ON QUALITY 
A major contributor to the variation in quality of rapeseed oils is the environment. In 
fact, the difference in quality between individual sites is far greater than the difference 
between different cultivars. For example, numerous studies have been carried out on 
canola variability in Australia, where environmental factors including moisture, tem-
perature, and soil nutrition can vary so much between sites, even within the same 
season (Mailer and Wratten, 1985; Mailer and Cornish, 1987; Mailer et al., 2002). 
The effort toward increased oil content in modern rapeseed cultivars has been 
somewhat overshadowed by the influence of the seasons. In fact, oil content in oil-
bearing crops is particularly sensitive to the availability of water. Although the oil 
content of rapeseed is generally around 42%, analysis at the Australian Oils Research 
Laboratory (in Wagga Wagga, New South Wales, Australia) over many years has 
shown that oil contents from Australian canola grown at water-stressed sites may be 
as low as 30%. In contrast, from some of the better rainfall areas, canola may exceed 
50% oil content. Some of this is due to genetic background, and some cultivars con-
sistently do better than others. However, even the best performing cultivars will be 
influenced by water availability. For example, the average oil content in Australian 
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canol a in 2007 was 44.0%. This was the highest recorded since 1993, despite Very 
low levels in drought-affected New South Wales, and was strongly influenced by 
high oil content from Western Australian sites. Oil content ranged from 39% in 
New South Wales to 41% in South Australia, 43% in Victoria, and 45% in Western 
Australia (Seberry et aI., 2008). 
The fatty acid profile has been shown to be strongly influenced by temperature 
during seed development. For rapeseed and mustard, high temperatures result in 
decreased levels of PUFA and increased SFA (in particular 16:0) content. Olive oil 
, 
however, produces more OA in cooler climates but higher levels of 16:0 in warmer 
conditions. In rapeseed, moisture stress appears to increase the effect of high tem-
perature on fatty acid composition (Seberry et al., 2008). 
6.5 OTHER MUFA-RICH VEGETABLE OILS 
VO can be extracted from seeds (seed oils) or fruits (fruit oils). The majority of VO 
currently produced are seed oils and commonly contain a relatively high amount of 
LA, with few exceptions such as rapeseed and peanut (i.e., groundnut or arachis) oils. 
However, some fruit oils are also produced and these, in contrast to seed oils, are 
generally rich in monounsaturated or saturated fatty acids. 
The mesocarp, or pulp, of fruits generally contains very low levels of lipid, with a 
few notable exceptions: palm, olive, and avocado. Consequently, the most commonly 
produced oils extracted from fruit are palm oil (rich in SFA) and olive and avocado 
oils, which are both rich in MUFA (mainly OA). 
Amongst several VO, which can be described as MUFA-rich, only a few are pro-
duced in commercially significant volume worldwide apart from rapeseed/canola 
oil (RO/CO). These include olive oil, peanut oil, and mustard seed oil. Mustard seed 
oils are derived from the seeds of white mustard (Sinapis alba or Brassica hirta 
Moench), brown yellow mustard (Brassica juncea), and black mustard (Brassica 
nigra) (Codex Alimentarius Commission, 2001). However, as mustard seed crops 
and the derived oils are extremely similar to rapeseed, no further information on 
these will be provided in this chapter. 
Breeding programs and genetic modification of many oil types have been recently 
designed to increase OA levels, producing a wide range of oils with fatty acid pro-
files similar to that of olive oil, and currently cultivars of sunflower, safflower, and 
soybean rich in OA are commonly available. 
6.5.1 FRUIT OilS RICH IN MUFA 
6.5.1.1 Olive Oil 
Olive oil is obtained from the fruit of the olive tree (Oleo europaea). The oleaceae 
family includes many other trees and shrubs such as the privets (Ligustrum), jas-
mine (Jasminium), and ash (Fraximus). There are approximately 30 species within 
the Oleo genus, but only O. europaea is cultivated domestically. However, in China 
and Vietnam a different olive tree of the genus Canarium (family Burseraceae) is 
also cultivated, also producing fruits rich in oil. 
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olive oil is often used after simple mechanical extraction, with no chemical pro-
cess, to ensure it retains the characteristic flavor and many of the nutritional anti-
oxidants. This oil is referred to as "virgin olive oil," indicating that it is extracted 
purely by mechanical means, without refining. The International Olive Council 
bas described several different categories of olive oil, based on quality attributes 
and processing or extraction methods. The grades include (1) extra virgin olive oil; 
(2) virgin olive oil; (3) lamp ante olive oil; (4) olive oil; (5) pomace olive oil; (6) pure, 
or refined, olive oil; and (7) light olive oil. 
Olive fruit yield between 4% and 30% oil, depending on growing conditions, 
extraction technique, and the cultivar. Olive oil is, in general, far more expensive 
than seed oils because of the manner in which it must be processed (in minimal time 
after harvest), and it must be consumed within a reasonable time to benefit from its 
flavors and nutritional qualities. Consequently, olive oil is primarily used for direct 
human consumption. 
The olive fruit pulp contains up to 75% oil on a dry-weight basis, and olive oil is 
characterized by an extremely high content of OA, up to 93% in some cases (Kamel 
and Kakuda, 2008). A peculiarity of olive oil is that it has a relatively low iodine 
number, but it also has a low melting point and so remains liquid at low temperatures, 
and is extremely stable to oxidation (Kamel and Kakuda, 2008). A typical fatty acid 
composition for olive oil is reported in Table 6.3. Current global olive oil production 
is around 2.9 million metric tons per year (Chapter 3), and the principal producing 
countries are located in the Mediterranean area, and are, in order of total production, 
Spain, Italy, Greece, Tunisia, Turkey, the Syrian Arab Republic, Morocco, Algeria, 
and Portugal (FAO, 2009). 
6.5.1.2 Avocado Oil 
Avocado oil is a fruit oil obtained from the fruit of the tree Persea americana. The 
fleshy pulp of the avocado, which surrounds the seed, contains from 8% to 30% of 
oil. Oil is separated by dehydrating the pulp, and subsequently by pressing, centri-
fuging' or extracting with solvents. Avocado oil has been abundantly used in cos-
metics, and recently it is gaining popularity as an edible oil, as, given its chemical 
composition and its abundant OA and tocopherols content, it is often regarded as 
one of the healthiest oils. Avocado oil is highly unsaturated, with up to 80% OA and 
limited LA (7-10%) (Kamel and Kakuda, 2008), and its typical fatty acid composi-
tion is reported in Table 6.3. Major avocado oil-producing countries are Mexico, the 
United States, Brazil, the Dominican Republic, and Israel, and global production is 
around 300,000 metric tons (FAO, 1992). 
6.5.2 OTHER SEED OilS RICH IN MUFA 
6.5.2.1 Peanut (Groundnut or Arachis) Oil 
Peanut oil (as it is commonly known in the United States) is also, as mentioned 
above, referred to as "groundnut oil" or "arachis oil"; it is the oil extracted from the 
seed of the leguminous crop Arachis hypogaea. Peanut is one of the most important 
leguminous crops grown throughout the world for both food and industrial uses, with 
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the main countries of production being China, India, and the United States, but it is 
cultivated in nearly 100 countries on all six continents (Nwokolo, 1996). Despite the 
name "peanut," it is not a true nut, but a legume, like beans or peas, and it is native to 
South America. It was introduced into Europe and then Asia, the latter of which cur-
rently accounts for the majority of the global peanut production. Raw peanut beans 
contain up to 50% fat, and consequently they are a high-energy food, which can be 
consumed whole and/or processed. Peanuts are also widely used for the production 
of oil (Nwokolo, 1996). The typical fatty acid composition of peanut oil is 45% of 
QA, 30% of LA, and 10% of 16:0 (Table 6.3). One peculiarity of peanut oil, when 
compared to other VO, is that it contains up to 6% of long-chain saturated fatty acids, 
such as 20:0, 22:0, and 24:0 (White, 2008). Peanut oil contains relatively low levels 
of antioxidants in the form of (t- and y-tocopherols. 
The global yearly production of peanut oil exceeds 4.5 million metric tons, mak-
ing it the sixth most abundantly produced VO after palm, soybean, rapeseed, sun-
flower, and cottonseed (Chapter 3). The main producing countries, in decreasing 
order of peanut oil production, are China, India, Nigeria, Myanmar, Sudan, Guinea, 
the United States, and Argentina (FAO, 2009). 
6.5.2.2 Rice Bran Oil 
Rice bran oil, traditionally used in southern India for cooking, is a valuable by-
product of the rice-processing industry, and it is extracted from the germ and inner 
husk of rice (Oryza sativa). The rice-milling process removes the husk and bran 
to release the starchy endosperm, which is the food product commonly referred 
to simply as "rice." The bran, which accounts for around 10% of total raw rice 
weight, contains from 15% to 25% oil which is noteworthy for its mild flavor and 
its very high smoke point (254°C), making it suitable for high-temperature cook-
ing methods. 
Globally, there is potential for a possible production of about 7 to 8 million metric 
tons of rice bran oil. However, currently its global production is less than I mil-
lion metric tons, of which 70% is being produced in India (Prasad, 2006). However, 
crude rice bran oil is difficult to refine due to its peculiar chemical composition, and 
most rice bran oil is currently used in nonfood applications. Nevertheless, rice bran 
oil has a very favorable fatty acid composition; it is a good source of tocopherols, 
tocotrienols, and squalene; and it is one of the richest sources of oryzanol (Zullaikah 
et al., 2009). Oryzanol is a phenolic compound composed of ferulic acid esters of 
sitosterol and cycloartenol, and has recently gained attention because of its hypo-
cholesterolemic activity (White, 2008). Rice bran oil differs in its composition from 
other VO because of its higher content of free fatty acids, high level of waxes, polar 
lipids, and pigments. The fatty acid composition of rice bran oil (Table 6.3) is com-
monly characterized by an abundant amount of OA (from 37% to 41 %), followed by 
LA (from 31% to 33%), and 16:0 (from 16% to 25%) (White, 2008), and consequently 
it can be considered a MUFA-rich VO. 
6.5.2.3 Minor Oils Rich in MUFA 
There are several other MUFA-rich oils extracted from vegetable seeds, but the total 
volume of production and the relatively high costs make them unsuitable as feed 
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ingredients. One exception, in terms of total production, is sesame oil (Sesamum 
indicum), which is produced at industrial levels worldwide accounting for 0.8 mil, 
lion metric tons (Chapter 3). However, sesame oil, though a common edible oil in 
South India, is generally sold in other parts of the world at a relatively high price 
as gourmet oil, with a high natural oxidative stability and unique flavor. Moreover 
• 
even though it can be considered a MUFA-rich VO, it is also rich in PUFA. In fact 
• 
normally the OA and LA account for equal amounts (-40%) (White, 2008). 
Other sources of MUFA-rich VO are a variety of fruit seeds and kernels; how-
ever their quantitative relevance is minimal, but some could gain importance in the 
future. In particular, rich sources of OA are the kernels of apricot, cherry, peach, and 
papaya (all containing more than 30% lipid, the fatty acid compositions of which 
have from 60% to 80% OA); prune and mango kernels and guava and date seeds 
(from 10% to 30% lipid, with over 50% OA); and several fruit nuts, including acorn, 
almond, beechnut, cashew, chestnuts, hazelnut, macadamia, pecan, and pistachio 
(Kamel and Kakuda, 2008). While it is unrealistic, and illogical, to think about 
potential extraction of oil, for example from expensive fruit nuts, for the production 
of alternative lipid sources to be used in aquaculture feed, it seems there is such 
potentiality for some kernels. For example, the kernels of papaya (Carica papaya) 
are very promising. Papaya is a tropical plant widely cultivated for its edible fruits 
and/or for papain production, and the seeds of papaya fruits are generally discarded. 
However, papaya kernels contain a significant amount of lipid, and their potential 
extraction for the production of oil has been recently evaluated (Puangsri et aI., 
2004). In this study, the papaya kernel was shown to contain 30% of lipid with a 
very interesting fatty acid composition: 76% OA, 13% 16:0,4% 18:0, and only 3% 
LA. As such, papaya kernel oil (or papaya seed oil) is a very promising new product, 
which can be produced as a by-product of an already existing important tropical 
agricultural industry. 
6.5.3 MODIFIED OLEIC ACID-RICH VEGETABLE OILS 
Since the mid-1950s, there has been an increasing interest in changing the fatty acid 
composition of VO, driven by concerns about physical properties, oxidative stability, 
nutrition, government regulations, and economic advantage (Hammond, 2008). A 
classical example was, as reported previously, the reduction of ERA content in RO. 
More recently, given the renowned beneficial effects on human health of OA and 
the negative effects of LA, a variety of high-OA seeds have been developed from 
seeds naturally rich in LA. To achieve these modifications, different approaches 
have been used, from traditional plant-breeding technology to crossing and selec-
tion techniques, mutation breeding, molecular techniques, and genetic engineering 
(Hammond, 2008; Terrago-Trani et aI., 2006). 
The most important results, in terms of current oil availability, were the pro-
duction of high-oleic acid safflower (Carthamus tinctorius) oil, high-oleic acid 
sunflower (Helianthus annus) oil, and high-oleic acid soybean (Glycine max) oil 
(Hammond, 2008; Terrago-Trani et al., 2006). As these oils are traditionally rich in 
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LA, information on their industry, agronomy, production, and characteristics can be 
found in Chapter 5 of this book. Similarly, cottonseed (Gossypium spp.) oil is one of 
the major oils used in the fast-food industry, in margarines and cooking oils, due 
to its oxidative stability and low cost. The oil traditionally has been a PUFA-rich 
oil with greater than 50% LA. Recent research has been successful in developing 
a genetically modified high-oleic cottonseed oil, suitable for cooking applications 
and free from cholesterol-raising trans fatty acids (Liu et al., 2002). The fatty acid 
composition of some typical high-oleic acid safflower, sunflower, and soybean oils 
is reported in Table 6.3. 
6.6 MUFA-RlCH OILS IN AQUACULTURE FEEDS 
Over the last two decades, an ever-increasing number of research studies address-
ing the issue of FO replacement in aquaculture feeds have appeared in fish nutrition 
scientific literature. Many of these have directly tested the potential utilization of 
RO/CO, the most abundantly produced MUFA-rich va. 
As recently reviewed by Turchini et al. (2009), and as more specifically addressed 
in other sections of the present book, it is well-documented that a substantial substi-
tution of the dietary Fa with terrestrial alternatives (vegetable oils or animal fats) 
generally results in no negative impacts on fish growth performance (Chapter 12). 
This has been widely verified, at least in salmonid species, and when a relatively 
large component of fish meal is also included in the diet. For other species, and 
particularly marine carnivorous and other freshwater or brackish-water species such 
as catfishes and perciformes, or if Fa is substituted simultaneously with the fish 
meal fraction, the situation is slightly different, with evidence of possible detrimen-
tal effects on overall fish growth performance (Turchini et al., 2009). However, it 
is largely accepted that the most limiting factor of Fa replacement is not relative 
to fish performance, but instead to the final quality of fish fillet. In fact, the dietary 
fatty acid composition is somewhat mirrored in the fillet fatty acid makeup, and 
consequently, if aquafeeds are deprived of n-310ng-chain PUFA (n-3 LC-PUFA), the 
same result will be apparent in the fillet. 
As such, the potential replacement of Fa with rapeseed or other MUFA-rich va 
needs to be evaluated with a cost-benefit analysis to possibly find a sustainable and 
logical compromise. The costs of such substitution are the unavoidable reduction of 
the final concentration of the health-promoting n-3 LC-PUFA in farmed fish fillets 
(which can also impact the nutritional and sensorial or organoleptic characteristics) 
and the possible reduction in fish performance (though quantitatively limited). On 
the other hand, the benefits involve a significant reduction in production costs and 
the potential simplification of logistic issues for aquafeed mill companies, such as 
continuity of raw material supply, the attenuation of the dependence of aquaculture 
on wild fisheries-derived products, and also the reduction of potential contamination 
of farmed fish from the use of polluted wild fish sources. Within this context, we 
will see in this fo1l9wing section why rapeseed (canol a) oil and other MUFA-rich VO 
offer significant benefits against relatively limited costs. 
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6.6.1 RATIONALE FOR THE USE OF MUFA~RICH OilS 
Oils and fats are included in aquafeed to fulfill the essential fatty acid and energy 
requirements of farmed animals (Chapter 2), and historically FO have been the pre~ 
ferred and most commonly used raw materials for these purposes (Sargent et aL, 
2002). However, there is an increasingly pressing need to replace FO with suitable 
alternatives (Chapter 1). Given the public concerns, particularly in some European 
countries, for the utilization of terrestrial animal-derived products (Chapter 8), and 
the limited availability and relatively high prices of alternative lipid sources rich in 
n-3 PUFA (such as marine invertebrate oils, single-cell oils, and genetically modified 
oils) (Chapter 9 and Chapter 10), terrestrial VO are currently considered to be the most 
likely and suitable alternatives (Turchini et at, 2009). Terrestrial VO can be roughly 
subdivided into four categories according to their overall fatty acid composition: 
SFA-rich oils (such as palm and coconut oil; Chapter 4), n-6 PUFA-rich oils (such 
as soybean, sunflower, and corn/maize oils; Chapter 5), n-3 PUFA-rich oils (such as 
linseed oil; Chapter 7), and MUFA-rich oils (such as rapeseed, canola, peanut, olive, 
and other oils, addressed in the present chapter). 
Oils rich in n-3 PUFA are envisaged to be a possible source of the renowned 
health-promoting n-3 LC-PUFA, after in vivo bioconversion (elongation and desatu-
ration), while the rationale for using SFA-, MUFA-, and n-6 PUFA-rich oils is that 
they can provide energy for fish growth and well-being. However, SFA are character-
ized by having, in fish, a relatively low digestibility, and n-6 C18PUFA (LA), being 
abundantly deposited in the fish fillet, can markedly affect final product quality and 
nutritional characteristics. Hence, MUFA-rich oils seem to have favorable charac-
teristics to be used as suitable alternatives to FO, as schematically represented in 
Figure 6.4. 
6.6.2 AQUAFEED QUALITY 
Fish and other aquatic animals have specific requirements for some essential fatty 
acids. The environment (natural food availability) in which the species evolved deter-
mines their specific requirements. Thus, in general, freshwater and low-trophic-level 
species are reported to require solely LA and ALA as the two basic essential fatty 
acids, while marine species and high-trophic-level species require, in addition, a 
direct source of n-3 LC-PUFA (Sargent et aI., 2002). Consequently, when MUFA-
rich VO are included in aquafeed, an additional source of essential fatty acids is 
necessary to avoid the risk of nutrient deficiencies. This is typically fulfilled by the 
lipid content of the fish meal fraction, and or by the inclusion of small amounts of 
FO. As long as the essential fatty acid requirements are met, FO can be substantially 
replaced by MUFA-rich alternative sources, but this can impact (positively or nega-
tively) other characteristics of the final aquafeed. 
6.6.2.1 Feed Processing and Storage 
Aquaculture feed formulation and manufacturing practices have evolved signifi-
cantly over the last few decades (De Silva and Anderson, 1995; Goddard, 1996; 
Hardy and Barrows, 2002; Lovell, 1998), The types of feeds used in aquaculture are 
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as diverse as aquaculture practices, and the feed types range from single ingredients 
to a mix of ingredients, cooked or raw, to wet- or dry-formulated feeds. Within the 
context of Fa replacement, formulated feeds are the one of interest, and currently the 
most commonly used in aquaculture. Within this group, it is possible to distinguish 
different categories such as wet, semimoist, and moist feeds, which are commonly 
farm-made and abundantly used (particularly in Ash), and dry feed. Dry feed can be 
steam-pelleted or extruded, is commonly produced in specialized commercial feed 
mill-manufacturing plants, and is currently widely used in intensive aquaculture 
systems (De Silva and Anderson, 1995; Goddard, 1996; Hardy and Barrows, 2002; 
Lovell, 1998). Conceptually the two manufacturing technologies are similar, but 
from an oil inclusion viewpoint, the main difference is that in steam-pelleted feed 
• the oil is included during the manufacturing of the pellet, while in extruded feed, the 
majority of the oil is added in a second phase, with the process commonly named 
"fat coating" (Chang and Wang, 1998). The formulation of compounded aquafeed is 
a complex process, requiring knowledge of the specific dietary requirements and the 
nutritional, chemical, and physical characteristics of available raw materials (Hardy 
and Barrows, 2002). Within this context, an important aspect that directly impacts 
feed mill strategies is not only the price but also the price variability of raw materi-
als. Thus, the use of va, such as RO, which has a steadily constant availability and 
smaller price fluctuation, is advantageous (Figure 6.2). 
Rapeseed oil and other MUFA-rich VO have chemical and physical characteris-
tics that are ideally suited for extruded aquafeed-manufacturing processes (Chang 
and Wang, 1998). They are liquid at ambient temperature, relatively resistant to ther-
mal treatments, and not easily prone to oxidation. Oxidized feeds are responsible 
for peroxidative stress and related health problems in farmed fish (Tocher et aL, 
2003). In consideration that aquafeed contains a relatively large amount of easily 
oxidizable n-3 LC-PUFA, derived from the fish meal and Fa components, they are 
prone to oxidation and subsequent rancidity that affect feed quality and palatabil-
ity (Watanabe, 2002). Consequently, aquafeeds are commonly supplemented with 
antioxidants (synthetic or natural) to minimize this occurrence. This is particularly 
problematic in tropical countries, where aqua feed requires cold storage during trans-
portation and while on-farm (Ng, 2007). Consequently, the inclusion of MUFA-rich 
alternative lipid sources, which are also commonly rich in natural antioxidants, can 
offer significant advantages, being less prone to oxidation and requiring only minor 
addition of antioxidants (Turchini et aI., 2009). 
6.6.2.2 Feed Palatability 
One of the primary characteristics of a good aquafeed is its palatability to guar-
antee optimum feed intake and, hence, reduce the loss of uneaten feed. Generally, 
fish are attracted to compounds that are water soluble, amphoteric, nonvolatile, and 
nitrogen containing, with a low molecular weight (Kasumayan and D!Z\ving, 2003). 
Therefore, lipids play a minor role in determining the palatability of aquafeeds. In 
fact, in the majority of feeding trials in which Fa were replaced by MUFA-rich VO, 
fish feed intake was not significantly affected, suggesting that the type of oil used in 
the feed formulation has little or no effect on the actual feed palatability (Turchini 
et aI., 2009). However, oils used by the feed industry are usually not highly purified, 
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and can theoretically contain small amounts of nitrogen-containing, water-soluble 
compounds that could affect feed palatability. By implementing preference tests on 
rainbow trout (Oncorhynchus mykiss), Geurden et al. (2005, 2007) demonstrated 
that fish can discriminate between feeds with different oil sources. The authors sug-
gested that nutritional factors could also be responsible for this feeding behavior, but 
that the dietary oil quality somehow mediates the appetitive behavior of trout. More 
recently, in a third experiment on the same species, Pettersson et al. (2009) tested the 
palatability (by a self-selecting feed trial) of diets in which the Fa component was 
replaced in 25% increments by RO. Trout preferred the diet composed of FO only 
compared with the diets containing RO, but did not discriminate between different 
levels of RO inclusion. 
6.6.2.3 Feed Digestibility 
Generally, fish digest lipids efficiently, with apparent digestibility values of different 
oils and fats commonly higher than 90% (Hertrampf and Piedad-Pascual, 2000). 
However, it has been demonstrated that individual fatty acids are absorbed at differ-
ent rates. Hence, one of the principal effects on the overall feed characteristics of the 
substitution of FO with alternative lipid sources is likely the modification of lipid and 
nutrient digestibility. As previously mentioned, fish seem to possess a nonspecific 
carboxyl ester lipase (Kurtovic et al., 2009; Olsen and Ring~, 1997; Patton et al., 
1975), and therefore seem able to efficiently hydrolyze ester bonds of fatty acids at 
all positions on the glycerol backbone. Therefore, the TAG structure of dietary oils 
could be considered, in fish, as having less significant nutritional importance. 
The absorption of individual dietary fatty acids decreases with chain length and 
increases with the degree of unsaturation. However, the position of the first double 
bond on the carbon chain is important in determining the fatty acid uptake, with n-3 
fatty acids absorbed at a higher rate compared to n-6 and n-9 fatty acids (Francis 
et al., 2007a; Olsen and Ring~, 1997; Olsen et al., 1998). As such, it is easy to under-
stand that the melting point of a given oil is directly (and inversely) correlated with its 
digestibility. Thus, the low melting point of MUFA-rich oils is a good indication of 
the fact that they are potentially a viable source of easily digestible energy. However, 
in general, the apparent fatty acid digestibility is higher for LC-PUFA, followed 
by CiS PUFA, MUFA, and SFA, which are the fatty acids digested with the lowest 
efficiency, while, under the same degree of unsaturation, short-chain fatty acids are 
more easily digested than longer chain fatty acids. As such, within the group of C18 
fatty acids, the lowest digestibility value is for 18:0, followed by OA, LA, and ALA, 
which is the most efficiently absorbed (Francis et al., 2007a; Olsen and Ring0, 1997; 
Thrchini et al., 2009). Thus, OA-rich oils, such as rapeseed, canoIa, or olive oil, are 
supposedly less easily digested than LA- or ALA-rich oils, such as soybean or lin-
seed oil, respectively. At this point, it seems important to remember that in general 
the modification of dietary components with different digestibility can also affect 
other nutrient digestibility in different fish species (De Silva and Anderson, 1995; 
Turchini et al., 2009). However, several studies have investigated the potential inclu-
sion of RO/CO or other MUFA-rich oils in aquafeed, and the modification of fatty 
acid or other nutrient digestibility has always been reported as nil or minimal. 
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6.6.3 GROWTH AND FEED EFFICIENCY 
The majority of aquatic animals, and in particular fish, rely mainly on protein and 
lipid for energy rather than carbohydrates. MUFA are not essential nutrients and 
cannot be bioconverted, in vivo, to essential fatty acids, such as LA or ALA, or n.3 
LC-PUFA. Consequently, and as previously mentioned, the basic rationale underpin_ 
ning the inclusion of MUFA-rich oils in aquafeed is relative to their potential role 
as source of available energy. Thus, basic information about fatty acid catabolism 
for energy production is necessary to better understand the advantages and the can. 
straints of a diet rich in MUFA. 
6.6.3.1 MUFA as Energy Source 
Dietary fatty acids are transformed into energy by the process of p-oxidation 
• 
which, in the cell, occurs at the mitochondrial and/or peroxisomal level. In fish, the 
red muscle, liver, and heart are the most active tissues for fatty acid p-oxidation; 
however, white muscle is the major site for ~-oxidation given the size of the tis. 
sue (Stubhaug et al., 2005). It has been reported that the substitution of dietary 
FO with alternative lipid sources may affect the p-oxidation capacity. However, 
published data so far show only marginal effects on p-oxidation capacity by 
replacing FO with MUFA-rich oils (rapeseed and olive oil) in diets for Atlantic 
salmon (Salmo salar) (Stubhaug et al., 2005). Despite potential modification of 
p-oxidation capacity, and the possible existence of a preferential order of oxidation 
for certain fatty acids over others, it has been reported, and commonly accepted, 
that fatty acids are oxidized at a rate proportional to their abundance in the diet 
(Turchini et al., 2009). In fact, it has been reported that CiS PUFA (such as LA and 
ALA), n-3 LC-PUFA (such as 20:5n-3 and 22:6n-3), as well as MUFA (such as OA 
and 22:1n-ll) are readily ~-oxidized when in high dietary concentrations (Bell 
et al., 2003a, 2003b; Stubhaug et al., 2007; Torstensen et al., 2004a; Turchini and 
Francis, 2009). However, in a recent study on rainbow trout (Turchini and Francis, 
2009), it was reported that C20 MUFA (20:ln-ll and 22:1n-ll) recorded a very 
high oxidation rate despite their relatively low concentration in diets. It has been 
previously suggested that MUFA, and in particular 20:1 and 22:1 isomers, are the 
substrates of choice for mitochondrial p-oxidation in salmonids (Henderson and 
Sargent, 1985; Menoyo et al., 2003). 
In fish, 20:1 and 22:1 isomers are commonly derived from the corresponding fatty 
alcohols, which are abundant in the wax esters of zooplankton (Sargent et al., 2002), 
and consequently it has been suggested that the fish fatty acid metabolism evolved 
and adapted to preferentially use these fatty acids as an energy source (Henderson and 
Sargent, 1985; Torstensen et al., 2000). Therefore, ERA (22:1n-9), which traditional 
unselected RO was rich in, seems to be a very good source of energy for farmed fish, 
and no pathological effects were recorded in Atlantic salmon fed for 18 weeks on a 
high-erucic-acid RO-based diet (Thomassen and R0sj0, 1989). Moreover, this study 
clearly showed that high-erucic-acid RO (28% ERA in the final experimental diet) 
was not responsible for any detrimental modification of growth performances and 
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total lipid deposition in fish heart, when compared to 10w-erucic-acid rapeseed oil, 
soybean oil, or capelin oil. 
6 3 2 Fish 6 ... 
In the last three decades, an abundance of feeding trials have been implemented 
to evaluate the possible effects of FO replacement with RO/CO and, to a smaller 
extent, with other MUFA-rich VO. A compilation of some of these studies and their 
major findings, in terms of growth performances and feed efficiency, is reported in 
Tables 6.4-6.6. 
In general, substitution of FO with MUFA-rich VO does not negatively affect 
overall growth performance. However, it has been suggested that results from 
studies with low power of the statistical test should be cautiously interpreted, and 
in some instances significant differences were recorded (Turchini et al., 2009). 
Nevertheless, more reliable results are available specifically for salmonids, and 
in particular for Atlantic salmon. Several studies have been implemented over 
relatively long periods, and in a few instances the opposite effect was reported: 
fish fed with the diet in which FO was replaced by RO recorded significantly 
higher growth performance (Table 6.4). More detailed information on the poten-
tial effect of FO replacement on fish performance is reported in Chapter 12 of 
this book. 
6.6.3.3 Crustaceans 
Though feed for farmed crustaceans contains relatively low lipid levels, given their 
increasing global production, it has been reported that up to 14% of total FO used 
by the aquafeed industry is used for the production of feed for farmed shrimp and 
freshwater crustaceans (Tacon and Metian, 2008). Thus, the possible substitution of 
FO with readily available terrestrial alternatives is envisaged to be an increasingly 
adopted practice. Crustacean lipid metabolism is partially different from that of fin-
fish. A peculiarity of crustaceans is that they are unable to biosynthesize ex novo 
sterols (i.e., cholesterol) (D'abramo, 1997; Teshima, 1997). Similarly, crustacean 
lipid metabolism has a second peculiarity, which is that crustaceans have an appar-
ent dietary requirement for phospholipids, and this phospholipids requirement can 
be met by soybean lecithin (Teshima, 1997). Thus, it is important to underline that 
FO is commonly a richer source of cholesterol and phospholipids when compared 
to VO such as rapeseed or other MUFA-rich oils. Several experiments have been 
reported for two of the most commonly cultivated species, the black tiger shrimp 
(Penaeus monodon) and the Pacific white shrimp (Litopenaeus vannamei), in which 
MUFA-rich VO have been tested. For example, CO has been tested in P. monodon 
diets resulting in better growth performances when compared to FO (Deering et al., 
1997). Peanut (aka arachis or groundnut) oil, with or without the addition of lecithin, 
was tested in L. vannamei (Gonzalez-Felix et al., 2002). In this study, shrimp fed 
peanut oil recorded significantly lower growth compared to animals fed with the 
same oil with the addition of lecithin. However, shrimp fed menhaden oil (FO), both 
with and without the addition of lecithin, recorded significantly higher growth per-
formance than shrimp fed with peanut oil or peanut oil and lecithin. In a different 
.-
..c 
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TABLE 6.4 
Compilation of Studies Reporting Feeding Trials in Which Fish Oil Was Replaced by MUFA~Rich Vegetable Oils in Atlantic ""T'1 
V> 
Salmon (Sa/mo sa/ar) ::r-0 
Initial ;i':I 
Oila Substitutionb Environment DaysC Weightd Gaine Growth f Feed f Proximatef Other Major Findings Reference ([) "'0 
High-erucic-acid 20%,40%, Salt water 126 246 --il No No pathological effects Thomassen !ll ("l ([) 
rapeseed 60%,80%, and R!/lsj!/l 3 
100% (1989) ([) ::::l 
..... 
Low-erucic-acid 20%,40%, Salt water 126 246 No Thomassen ~ 
::::l 
rapeseed 60%, SO%, and R!2\sjJ1l 0. 
100% (1989) » 
..... 
Canola 17%,34%, Salt water 112 160 150% No No No No effects on thyroidal status Dosanjh et al. ([) ..... 
::::l 
51% (1998) ~ 
..... 
Oleic acid-enriched 50%,100% Salt water 147 1,500 140% No No No modification of ~-oxidation and Torstensen <' ([) 
sunflower of main blood lipid characteristics et a1. (2000) r-
"0 
Low-erucic-acid 10%,25%, Salt water 119 SO 300% No No Yes Increased elongation and Bell et al. a. 
rapeseed 50%,100% desaturation of lS:3n-3 (2001) V"l 0 
Rapeseed 50% Salt water 365 120 >1,500% No Yes Rosenlund c 
..... 
et a1. (2001) ("l ([) 
Vl 
Low-erucic-acid 10%,25%, Salt water 112 55 210% No No Fish subsequently subjected to Bell et al. ::::l 
rapeseed 50%,100% finishing diet (2003 a) » 
...0 
Rapeseed 33%,50%, Salt water 350 120 >1,500% Yesh No Fish subsequently subjected to Bell et al. c 
!ll 
66%,100% finishing diet (2003b) ("l c 
Olive 50% Salt water 294 143 920% No Yes No Modification of Torstensen ;::; c 
phospholipids:triacylglycerols et al. (2004b) ..... ([) 
ratio; fish subsequently subjected ""T'1 ([) 
to finishing diet 
(l) 
a. 
rJ? 
Rapeseed 
Rapeseed 
Rapeseed 
Rapeseed 
25%,50%, 
75%,100% 
100% 
50% 
30%,60% 
Degummed canola 75% 
Salt' water 
Salt water 
Salt water to 
fresh water 
Salt water 
Salt water 
294 
56 
>365 i 
84 
168 
143 920% No Yes 
85 240% No Yes 
4,500 n.ai No 
1,]68 50% Yesh No 
84 
Note: In all instances, tissue fatty acid makeup was significantly affected by fish oil replacement. 
a Oil: as described by the authors. 
b Percentage level of fish oil replacement. 
C Experiment length in days. 
d Average initial weight in grams. 
C Average weight gain percentage during the feeding trial. 
No 
No 
No 
Modification of 
phospholipids:triacylglycerols 
ratio; fish subsequently subjected to 
finishing diet 
Modification of fatty acid 
metabolism in hepatocytes 
Modification of eggs fatty acid 
composition; no modifications of 
egg number, weights, and quality 
parameters (fertilized, eyed, 
hatched, and first-feeding survival 
data) 
Torstensen 
et 31. (2004b) 
Moya-Falc6n 
et al. (2005) 
Rennie et a1. 
(2005) 
Karalazos 
et al. (2007) 
No modification of oxygen Wilson et al. 
consumption, swimming (2007) 
performances, and recovery ability 
f Significant modification of growth performances, feed intake and feed efficiency, and proximate composition of fish and/or fish tissue. 
g Not reported. 
h Significantly higher growth for fish fed the diets in which fish oil was replaced by rapeseed oil. 
Fish reared for over a year and then spawned. 
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TABLE 6.S 01:00 
Compilation of Studies Reporting Feeding Trials in Which Fish Oil Was Replaced by MUFA~Rich Vegetable Oils in Other 
" Salmonid Species (JJ :::r 
Scientific Initial Other Major 0 
Species Name Oila Substitutionb Environment DaysC Weighfd Gain' Growthf Feedf Proximatef Findings Reference :;:tl ('!) 
Brook S. jontinalis Canol a 100% Fresh water 63 42 260% No No ~ No major Guillou et at. "'0 ~ 
charr organoleptic (1995) n CD 
differences 3 CD 
Brown S. trutta Canoia 100% Fresh water 70 58 100% No No Yes Modification of Turchini :J 
-trout CPT I and II et aI. (2003) ~ :J 
activity, and fillet D.. >-
sensory 
-CD 
characteristics .... :J 
Chinook O. tshawytscha Canol a 50%,100% Fresh water 62 2.5 230% No No No Fish subsequently Dosanjh ~ 
-<' 
salmon fed OMP, et al. (1988) CD 
transferred to salt r 
"'0 
water, and 0.. 
performances CJl 0 
evaluated c .... 
() 
Chinook O. tshawytscha CanDIa 20%,40%, Fresh water 139 10 700% No No Yes No effects on Grant et al. ('[) (JJ 
salmon 60%, SO%, to salt water smoltification (2008) :J 
100% process )-
..0 
Chinook O. tshawytscha Canoia 33%,67%, Fresh water 210 O.S >1,500% No No No Seawater challenge Huang et al. c ~ 
salmon 100% tests: (200S) () c 
ionoregulatory 
-c 
ability unaffected, 
.., 
('!) 
affected bodily "T1 (p 
(1) 
chloride content 0. (I) 
Coho 
salmon 
Rainbow 
trout 
Rainbow 
trout 
Rainbow 
trout 
0. kisutch 
O. mykiss 
O. mykiss 
O. mykiss 
Canol a 50%,100% 
Rapeseed 61 % 
Olive 100% 
Rapeseed 25%, 50%, 
75% 
Fresh water 
Fresh water 
Fresh water 
Brackish 
water 
84 
64 
42 
51 
2.5 230% 
250 200% 
185 86% 
75 100% 
Note: In all instances, tissue fatty acid makeup was significantly affected by fish oil replacement. 
a Oil: as described by the authors. 
b Percentage level of fish oil replacement. 
C Experiment length in days. 
d Average initial weight in grams. 
C Average weight gain percentage during the feeding trial. 
No No No 
No No Accumulation of 
lipid droplets in 
the intestinal cells 
No No No effects on 
astaxanthin fillet 
deposition 
No Lower voluntary 
feed intake, 
Modification of 
phospholipids/ 
triacylglycerols 
ratio, plant sterols 
in fish liver 
f Significant modification of growth performances, feed intake and feed efficiency, and proximate composition of fish andlor fish tissues. 
g Not reported. 
Dosanjh 
et at (1984) 
Caballero 
et al. (2002) 
Choubert 
et al. (2006) 
Pettersson 
et al. (2009) 
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TABLE 6.6 0'1 
Compilation of Studies Reporting Feeding Trials in Which Fish Oil Was Replaced by MUFA-Rich Vegetable Oils in Other 
"T1 
Finfish Species iJI :::r 
Scientific Initial Other Major 0 
Species Name OjJa Substitutionb Environment Oays( Weightd Caine Crowthf Feedf Proximatef Findings Reference ;N ro 
Asian sea L. calcarifer Canola 33%,67%, Fresh water 40 19 260% Yes No Raso and ""0 ~ 
bass 100% Anderson Ii CD 
(2003) 3 CD 
Eurasian P. fiuviatilis Olive 100% Fresh water 70 25 100% Yes Yes Xu and ::l r-+ 
Perch Kestemont !lJ ::l 
(2002) a.. 
>-European D.labrax Olive 60% Salt water 238 94 360% No No No No effects on Mourente ;:; CD 
sea bass prostaglandins; et al. ..... :::l 
effects on (2005) !lJ ~ 
<' 
nonspecific immune CD 
system r-
"0 
European D.labrax Rapeseed 60% Salt water 238 94 360% No No No No effects on Mourente 0: 
sea bass prostaglandins; et al. (2005) (fl 0 
effects on c ..... 
Ii 
nonspecific immune ro iJI 
system; histological ::J 
modifications of >-
...Q 
hepatocytes c 
!lJ 
European D.labrax Olive 45%,100% Salt water 168 94 100% No No Yes Lower blood lipids; Parpoura Ii c 
sea bass liver degeneration and Alexis 
-c 
and haemorrhages; (2001) ..... ro 
modification of gill " ro (l) 
structure Q.. 
en 
European D.labrax Rapeseed 60% Salt water 89 8 300% No No h.qulel"do Al ~ 
sea bass et at "'Q ro 
r.r. (2003) ro 
ro 
Gilthead S. aurata Rapeseed 69% Salt water 168 110 130% No Yes No No effects on sensory Fountoulaki 0... 
-sea bream characteristics; no et a1. n III 
intestinal (2009) ::J 0 
abnormaIities;fish ~ 
--subsequently 0 
subjected to III 
finishing diet ::J Q.. 
Gilthead S. aurata Rapeseed 60% Salt water 89 10 550% No No Izquierdo 0 
...... 
sea bream et aI. ::::r-(!) 
(2003) ..... 
Gilthead S. aurata Rapeseed 60% Salt water 204 85 440% No No Modification of some Izquierdo ~ C 
sea bream physical parameters et a1. ); 
of fish fillets; fish (2005) I ;;;0 
subsequently n' ::::r-
subjected to ~ 
finishing diet C1tl (!) 
Goldfish C. auratus Canoia 50%,100% Fresh water 168 n.a.h n.a.h No Pozernick ...... III 
0-
and (!) 
Wiegand 0 
(1997) V'l 
Grouper E. coioides Peanut 100% Salt water 56 13 400% No No No Lin et a1. 
(2007) 
Humpback C. altivelis Canola 100% Salt water 70 10 150% No No No Shapawi 
grouper et al. 
(2008) 
(continued on next page) ~ 
I,C 
'l 
TABLE 6.6 (continued) 
Compilation of Studies Reporting Feeding Trials in Which Fish Oil Was Replaced by MUFA-Rich Vegetable Oils in Other 
Finfish Species 
Scientific Initial 
Species Name Oil" Substitutionb Environment DaysC Weightd Gaine 
Murray M. pee/ii Canola 50%,100% Fresh water 84 6.5 320% 
cod pee/Ii 
Murray M. peelii Canoia 25%,50%, Fresh water ll2 20 400% 
cod pee/ii 75%,100% 
Red sea P. major Canola 33%,67%, Salt water 84 3.6 >1,200% 
bream 100% 
Red sea P. auratus Crude 25%,50%, Salt water 56 10 215% 
bream canola 75%,100% 
Red sea P. auratus Refined 25%,50%, Salt water 56 10 215% 
bream canola 75%,100% 
Note: In all instances, tissues fatty acid makeup was significantly affected by fish oil replacement. 
a Oil: as described by the authors. 
b Percentage level of fish oil replacement. 
C Experiment length in days. 
d Average initial weight in grams. 
C Average weight gain percentage during the feeding trial. 
Other Major 
Growthf Feedf Proximatef Findings 
No No No 
Yes No Yes Negative linear 
regression between 
substitution and SGR 
No No Yes 
Yes No No Modification of some 
sensory parameters 
No No No Modification of some 
sensory parameters 
f Significant modification of growth performances, feed intake and feed efficiency, and proximate composition of fish and/or fish tissues. 
g Not reported. 
h Not applicable: fish reared from egg hatching to 1 g body weight. 
Reference 
Francis et al. 
(2006) 
Francis et al. 
(2007b) 
Huang et al. 
(2007) 
Glencross 
et al. 
(2003) 
Glencross 
et al. 
(2003) 
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experiment, the substitution ofFO with olive oil in diets for L. vannamei did not result 
in any reduction in growth performance or survival when shrimps were reared in a 
IIlesocosm system (green water), while significant differences were noted in animals 
reared in a clear-water system (Izquierdo et al. , 2006). Nevertheless, FO substitution 
with peanut oil or RO resulted in significantly (and quantitatively remarkable) lower 
growth performance, feed efficiency, and survival rate in Litopenaeus vannamei 
(Zhou et al., 2007). 
6.6.4 FINAL PRODUCT QUALITY 
Probably the most important and as yet unsolved drawback of Fa replacement in 
aquaculture feed is the unavoidable reduction of the final n-3 LC-PUFA content of 
the fish fillet. Within this context, the use of MUFA-rich alternative VO has some 
advantages over other alternative lipid sources, but also some limitations. 
In all instances in which FO was replaced, even partially, by MUFA-rich VO, 
significant modifications of the final fatty acid composition of the flesh were reported 
(Turchini et al., 2009). MUFA cannot be bioconverted into n-3LC-PUFA in vivo by 
any vertebrate. However, the positive aspect of MUFA in aquafeed is that, when 
MUFA are deposited into the animal flesh, the nutritional characteristics of the final 
product are less compromised compared to the cases of increased deposition of SPA 
or n-6 PUFA. This is basically due to the fact that MUFA have better nutritional 
qualities for human beings. compared to SFA and n-6 PUFA. 
An important, but yet not exhaustively addressed, aspect of FO replacement in 
aquafeed is the possible n-3 LC-PUFA-sparing capability of different dietary fatty 
acids. For example, the previously reported study in which low-ERA rapeseed oil 
and high-ERA rapeseed oil were tested in Atlantic salmon reported an interesting 
observation (Thomassen and RpsjP, 1989). The content of the eicosapentaenoic acid 
(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) of the diet formulated 
with the low-ERA rapeseed oil was only slightly higher than in the diet containing 
the high-ERA rapeseed oil (5.6% versus 5.0%). However, the final EPA + DHA con-
tent of the fish fillet was higher (8.8%) in the latter, compared to fish fed the low-ERA 
rapeseed oil diet (6.6%). This may suggest that ERA, actively oxidized at a higher 
rate than other fatty acids, may provide an n-3 LC-PUFA-sparing capability. 
6.6.4.1 Nutritional Characteristics 
The substitution of dietary FO with MUFA-rich va has been reported to modify the 
proximate composition of fish tissues, and in particular the moisture and the lipid 
content offish fillet (Bell et al., 2001; Francis et al., 2007b; Grant et al., 2008; Huang 
et al., 2007; Parpoura and Alexis, 2001; Rosenlund et al., 2001; Turchini et aI., 2003). 
However, the mechanisms behind such modifications, and in particular the effects 
of FO replacement on lipogenesis, are not fully understood and, so far, have not 
been the focus of much research attention; and in the majority of the studies on FO 
replacement in aquaculture feed, no major modifications of proximate composition 
have been reported. 
On the other hand, the fatty acid composition is always affected by the dietary 
lipid source, and in general, it can be stated that the dietary fatty acid is mirrored 
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in the fish fillet (Turchini et al., 2009). The fatty acid makeup of fish fillet is, then, 
responsible for not only the overall nutritional qualities of the product but also the 
sensory or organoleptic qualities. Within this context, it seems important to note 
that not all alternative lipid sources are similar. VO rich in ALA (e.g., linseed oil), 
are alternatives of intense study because some fish, such as salmonids and almost 
all freshwater species, can potentially desaturate and elongate this precursor into 
health-promoting n-3 LC-PUFA. However, it is now readily accepted that the effi-
cacy of such metabolic activity is not sufficient to compensate for the decreased n-3 
LC-PUFA intake. The final fatty acid composition of fish is significantly depleted 
in the n-3 LC-PUFA and greatly increased in ALA content, which may not give the 
same health benefits for humans and is prone to oxidation. On the other hand, VO 
rich in LA have a much greater detrimental effect on final quality, as LA is preferen-
tially deposited into fish flesh, significantly deteriorating the final nutritional charac-
teristics. As such, preference should be given to oils and fats rich in SFA or MUFA, 
as they seem to be deposited up to a specific upper-threshold limit, and are less detri-
mental on the overall nutritional quality of farmed fish, not being involved in n-3/n-6 
PUFA balance and metabolism (Turchini et al., 2009). However, the unavoidable 
modification of the final fatty acid makeup must always be taken into careful consid-
eration. For example, it has been reported that in human patients suffering coronary 
heart pathological problems, eating salmon fed an FO-based diet is responsible for 
positive blood biochemical modifications, while patients receiving fish reared on an 
RO-based diet seem not to receive similar health benefits (Seierstad et al., 2005). 
However, it is also important to underline that, in all patients eating farmed salmon 
(fed either an FO- or RO-based diet), positive effects on the blood biochemical bio-
markers were reported. 
A positive effect, from a human nutritional viewpoint, of replacing FO with MUFA-
rich VO (and also other alternative oils) is the possible reduction in the final aquaculture 
product of contaminants that typically are found in marine fish oils, such as dioxins and 
dioxin-like polychlorinated biphenyls (PCB; Bell et al., 2005; Berntssen et al., 2005). 
6.6.4.2 Sensorial Characteristics 
The flavor associated with fresh fish is usually mild, delicate, and pleasant, and most 
fish have a common sweet and plant-like aroma. This fresh-fish flavor is due to vola-
tile aldehydes and alcohols, which are mainly derived from the oxidative deteriora-
tion of fatty acids (Kawai, 1996). The postmortem autoxidation of different fatty 
acids is responsible for the formation of different aldehydes and alcohols, which are 
characterized by different aromas. As such, it is clear that any modification to the 
fatty acid composition, such as the one derived by substituting dietary FO, can deter-
mine a modification of the overall flavor of the fish fillet (Turchini et al., 2004, 2007). 
Similarly, other organoleptic modifications can originate from the substitution of 
FO with alternative oils, including modification of the flesh physical characteristics, 
color, sensorial attributes, and texture (Turchini et aI., 2009). These aspects are dealt 
with in greater detail in Chapter 15. 
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6.7 FINAL REMARKS 
Even though it should be clear that RO and other MUFA-rich VO canuot completely 
replace fish oil (or other n-3 LC-PUFA-rich lipid sources) in aquaculture feeds, 
as this can negatively impact the fulfillment of essential fatty acid requirements 
(Glencross, 2009), it is likely, and advisable, that increasing amounts of these oils 
will be included in aquafeed formulations. 
The potential use of traditional, unselected, high-erucic-acid RO should be fur-
ther investigated, as the little available evidence suggests it could be an ideal dietary 
lipid source capable of providing readily available energy for growing fish. 
At the same time, the further selection of specific cultivars of rapeseed for the 
production of oil specifically produced for aquaculture feeds (i.e., with increased 
ALA and decreased LA content) will be advisable (Opsahl-Ferstad et a1., 2003). It 
is surprising, at this point, to remember that in the past a great emphasis in cUltivar 
selection was also spent toward decreasing the ALA content of the oil. 
Other MUFA-rich VO extracted from agricultural by-products, such as rice bran 
oil which is already used in India and China, could and should also gain importance 
in the future as aquafeed raw materials. 
Nevertheless, the most stringent limitations seem to be derived from possible com-
petition with other users. In particular, considering that MUFA-rich oils are highly 
regarded as oils for direct human consumption, it could be anticipated that the price of 
such commodities will be constant and relatively high. A second competitor is the recent 
and exponentially growing biodiesel industry, which is generating a strong demand, 
for example for RO, further exacerbating the price rise of these commodities. 
In summary, though replacing FO with RO or other MUFA-rich VO is not without 
problems, it is likely that these alternative oils are among the best options currently 
available, and it is expected they will be increasingly used by the aquafeed industry. 
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